Introduction
In all cellular organisms, transcription, the first and likely the most highly regulated step of gene expression, is carried out by DNA-dependent RNAPs. The bacterial RNAP core enzyme, a complex of five subunits (α 2 ββ#ω), must recruit an additional subunit, σ, to form a holoenzyme that recognizes promoter DNA sequences and carries out transcription initiation. After a stable 9-12 nucleotide (nt) primer is made, the transcription complex undergoes transition from initiation to a highly processive elongation phase (Krummel and Chamberlin, 1989) . During elongation, w14 base pairs (bp) of the transcribed DNA are unwound in the vicinity of the RNAP active site, forming a transcription bubble between the downstream and upstream portions of the DNA duplex. The unwound DNA template strand and the nascent RNA transcript form an eight to nine bp RNA-DNA hybrid, which is buried in the active site cavity.
RNAP must remain bound to the template DNA and the nascent RNA transcript until it reaches a termination signal. Thus, the nucleotide addition cycle (NAC), an elemental step in transcription, must be repeated thousands or even millions of times to complete the synthesis of a nascent RNA chain. The NAC may be divided into several steps (see Figure 1A in Temiakov et al. [2004] ). At the beginning of the NAC, in the posttranslocated state, the 3# end of the nascent RNA transcript is hybridized with the template strand and occupies register (n − 1) immediately upstream of the active site. Base pairing of the substrate with the acceptor template base and subsequent nucleotide incorporation results in extension of the RNA 3# terminus to reg- An alternative model, in which the substrate is loaded first to the E site, was also proposed (Westover et al., 2004) . The E site overlaps with the RNAP active center and has been originally proposed to bind the noncomplementary NTPs that enhance the exonucleolytic activity of RNAP (Sosunov et al., 2003) . In the E site, the substrate makes no base-and/or ribose-specific interactions and binds mostly through its phosphates. Subsequently, the substrate rotates to base pair with the DNA template base. Thus, according to the E site model, the substrate is directly loaded into the IS, eliminating the preinsertion step both structurally (as a distinct location) and functionally (no substrate selection is envisioned). The E site and PS site models would therefore appear to be mutually exclusive, but as we will show, this need not be true.
Though bacterial and eukaryotic RNAPs are homologous, they possess many distinct structural and functional features that make the bacterial enzyme an attractive target for drug design. However, among a wide range of known antibiotics, only a few target bacterial RNAP. The best studied examples include rifampicin, the front-line antituberculosis drug ( Here, we report a 2.4 Å resolution structure of the T. thermophilus RNAP holoenzyme in complex with Stl, which, in combination with subsequent biochemical experiments, mutagenesis, and modeling, suggests a plausible mechanism for Stl action and may allow further improvement of the drug to increase its affinity and specificity. As most biochemical and genetic studies of Stl action were performed with the E. coli RNAP, we will use the E. coli sequence numbering throughout the manuscript.
Results and Discussion

Structure of RNAP-Stl Complex
The RNAP crystals used in these studies are characterized by the systematic differences in the unit cell parameters as compared to the previously reported crystals . In addition to some interdomain movements and local differences in the side chain orientations, the β# subunit bridge α helix (BH, β# 769-804 ) is uniform (straight), in contrast to previously observed locally distorted conformation ( Figure S1 available in the Supplemental Data with this article online). Though this difference is likely crucial for Stl binding and function, it is observed in both the RNAP-Stl complex and the apo-holoenzyme structures of this crystal form. Therefore, straightening of the BH cannot be considered as a consequence of Stl binding. The experimental difference electron density (ED) map (Figure 1B) Figure S1 ). In the RNAP-Stl complex, Stl binds w20 Å away from the active site ( Figures  1B and 2) along the BH, which is located at the junction between the downstream DNA and the RNA-DNA hybrid. The formation of a hydrogen bond between β#Asn792 and the N2# atom of the acetamide group seems critical for the binding of the tetramic acid moiety of Stl ( Figure  2) . Indeed, RNAP is significantly less sensitive to the Stl analog tirandamycin, which lacks the acetamide group (Reusser, 1976) , whereas the N792G substitution confers strong resistance to Stl (Figure 2A ) (Yang and Price, 1995) . Overall, the structure suggests that the Stl affinity for RNAP is largely determined by the streptolol group, whereas tetramic acid is lacking highly specific binding sites on the protein surface and thus contributes little, or might even weaken, the overall network of the RNAP-Stl interactions.
Stl Binding to RNAP
The Stl binding site is highly conserved among bacteria (Figure 2A ), indicating that structural results obtained with T. thermophilus RNAP will be applicable to RNAPs from other bacterial species. To validate the structural model and to confirm the functional significance of Stl-RNAP interactions, structure-based E. coli RNAP mutants were constructed. In β⌬ 565-568G , four STL2 residues that form a portion of the hydrophobic streptolol binding pocket were replaced by glycine; in βR548A, the residue that forms one of the two polar contacts with Stl is replaced with Ala ( Figures 2B and  2C ). In full agreement with structural predictions, the β⌬ 565-568G and βR548A enzymes were resistant to Stl ( Figure 3A) .
We have also constructed deletion β#⌬ 1238-1254 of the TL in T. aquaticus RNAP (⌬TL, β#⌬ 932-1136 in E. coli; such a deletion could not be constructed in E. coli due to its high toxicity). The ⌬TL enzyme displayed a substantially slower catalysis rate than the wild-type (wt) RNAP, implying an important role for the TL during transcription. Surprisingly, Stl stimulated rather than inhibited the ⌬TL RNAP ( Figure 3B ). This suggests that although Stl still binds to ⌬TL RNAP, its inhibitioninducing contacts with the enzyme are lost, and new interactions, which compensate in part for the TL absence, are made instead. Significantly, the response of ⌬TL RNAP to Stl occurred at much lower (compared to the wt T. aquaticus RNAP) concentrations of Stl, suggesting that, in agreement with structural considerations (above), deletion of the TL improved Stl binding to RNAP.
Interestingly, we found that T. aquaticus RNAP was significantly more sensitive to Stl than the E. , form a phosphodiester bond, and release the abortive products (with or without DNA translocation) many times over the course of the reaction could significantly complicate the elucidation of the inhibition mechanism. In contrast, presteady-state kinetic analysis of stable ECs allows us to monitor single-nucleotide addition reaction and thus to discern Stl effects on the substrate affinity and the rate of catalytic reaction; in the simplest case of a posttranslocated EC, even the translocation step shall be dispensable for substrate incorporation into the nascent RNA.
We assembled stable T. aquaticus EC on a synthetic scaffold (see Supplemental Data) and monitored the extension of the radioactively labeled nascent RNA by one nucleotide using a quench-flow device. We found that although Stl reduced the rate constant of nucleotide addition (k app ), it did not significantly alter the substrate binding affinity (K d s) (Table 2) . These results indicate that, in agreement with structural data, Stl neither To further test the effect of Stl on translocation, we used ECs based on two synthetic scaffolds ( Figure S3 ). Different sensitivity of these complexes to pyrophosphate, a substrate for reaction of pyrophosphorolysis that is a direct reversal of the phosphodiester bond synthesis reaction and that should only affect pretranslocated complexes, indicated that EC14 was predominantly in pretranslocated state ( Figure 4B, lanes  1-5) , whereas EC15 was predominantly in the posttranslocated state ( Figure 4B, lanes 10 and 11) . If translocation was the major Stl target, EC14, which does, and EC15, which does not require translocation prior to NMP addition, should demonstrate different sensitivities to Stl during extension of the nascent RNA. However, no such difference was observed ( Figure 4C ). By the same reasoning, in pretranslocated EC14 complexes, pyrophosphorolysis should not require reverse translocation and thus should not be inhibited by Stl. However, Stl effectively inhibited pyrophosphorolysis of EC14 ( Figure 4B ). Thus, Stl does not appear to affect translocation of the transcription EC.
Given the exceptional importance of these results not only for elucidating the mechanism of Stl action but also for the understanding of the general principles of transcription, we sought to visualize the effect of Stl on translocation directly. We used exonuclease III (ExoIII) footprinting of EC13 assembled on a nucleic acid scaffold in which the nontemplate DNA strand was radioactively labeled at the 5# end ( Figure 4D) . Analysis of the EC13 front edge position revealed that this complex was in equilibrium between the post-and pretranslocated states, which are equally populated (lane 2). Addition of Stl did not change the distribution between these two states (lane 5), further suggesting that Stl has no effect on translocation. The addition of a complementary NTP with or without Stl led to an apparent extension of the downstream RNAP boundary within 1 min (lanes 10 and 13). In the absence of the inhibitor, this likely represents RNAP translocation upon NMP addition, which happens on the order of milliseconds (ms). In the presence of Stl, however, RNA extension was complete only after 10 min (lane 15)-thus, the observed movement of the RNAP footprint was likely due to a shift into the posttranslocated state. Moreover, when nonhydrolysable NTP analog was used, the same rapid isomerization was observed irrespective of the presence of Stl (lanes 3 and 7) , although the transcript was not extended, as expected. The addition of noncomplementary NTP (lanes 11 and 16) did not influence the pre/posttranslocation equilibrium of EC13, underlining the importance of the complementary NTP bind-ing in translocation. Together, the ExoIII footprinting data argue that Stl does not inhibit translocation. Another important conclusion we can draw from these results is that, in contradiction to the earlier proposals (Cramer et al., 2001; Vassylyev et al., 2002) , the potential structural transformations of the BH and TL, which are likely blocked/altered by the Stl binding, might not be essential for translocation. In contrast, translocation seems to rely primarily on the binding of the cognate NTP, but not on the catalytic reaction itself and/or its products.
Stl Does Not Target the Phosphodiester Bond Formation
Although Stl is positioned far away from the RNAP active site Asp residues, it could modulate catalysis allosterically. To investigate the effect of Stl on the phosphodiester bond formation, we used a slow-hydrolysable NTP analog, α-thio-NTP, which is thought to decrease the efficiency of nucleophilic attack by the nascent RNA's 3# OH due to the lesser electronegativity and a larger size of sulfur compared to oxygen (Kaushik et al., 1996; Polesky et al., 1992). We found that at conditions when RNAP was saturated with either α-thio-NTP or the corresponding NTP, α-thio-NTP was incorporated more than three orders of magnitude slower than the NTP (Table 2) . The large magnitude of the effect suggests that the chemistry of the catalysis is limiting the incorporation of NMP in the nascent RNA. In contrast, in the presence of Stl, the rate of incorporation of α-thio-NTP (as compared to that of the NTP) was decreased by only 20-fold. Barring the potential complications from steric effects of Stl binding, these results suggest that the chemical step is no longer rate limiting in the presence of the inhibitor (Kaushik et al., 1996; Polesky et al., 1992). These results are consistent with our structural data, which show that the RNAP active groups (catalytic Asps and Mg 2+ ion) remain unaltered in the RNAP-Stl complex structure, as compared to that of free RNAP.
Active Site Isomerization Is a Likely Stl Target
The pronounced effect of Stl on the rate of the catalytic reaction along with the apparent lack of its effects on substrate binding, phosphodiester bond formation, and DNA translocation leave practically the only possibility for the inhibitor action: Stl may stabilize some inactive transcription intermediate, thereby precluding structural isomerization of RNAP to an active state. The ExoIII footprinting analysis provides evidence for such a mode of the Stl action and additionally suggests that Stl stabilizes the complex in which the substrate selection did already occur. Indeed, addition of the cognate nonhydrolysable NTP shifted translocation equilibrium toward the posttranslocation state in the presence or in the absence of Stl, whereas the RNA extension was strongly inhibited by Stl ( Figure 4D) . Together with the lack of Stl effect on phosphodiester bond formation (Table 2) 
The Substrate Preinsertion Complex
Based on the structural analysis, we argue that the substrate PS is the most likely Stl target ( Figure 5A ). Indeed, in this site, the substrate binds to the posttranslocated complex with high specificity as revealed by multiple polar and van der Waals interactions with the protein (Figure 5A ) and by the base pair formed with the DNA template, whereas its phosphate groups are too far from the RNAP catalytic residues to achieve the reaction. Moreover, inspection of the preinsertion complex structure revealed that the three structural segments (the BH, TL, and STL2) that are structurally conserved between eukaryotic and bacterial RNAPs ( Figure 5A ) and that are likely affected by Stl in the bacterial enzyme are positioned near the bound substrate ( Figures 5A and 5B ). Among these, the BH and the TL are located within the interacting distance (3.3 Å and 4.2 Å, respectively), whereas STL2 is more distant (w5.5-6.5 Å) from NTP. However, a subtle (w2.5 Å) movement of STL2, which might not be detectable in the low-resolution structure of the preinsertion complex, would bring it into direct contact with the substrate.
The Substrate Entry Complex
In the light of the direct observation of the specific substrate binding in the PS, the existence of an alternative pathway (through the E site) for the substrate loading into the IS avoiding the PS step in the same enzyme (Westover et al., 2004) looks puzzling, particularly because the substrate in the E site does not have any rNTP-specific interactions. Given, however, that both the PS and the E site are validated by the experimental data, it would be reasonable to presume that the substrates bound to these sites represent two consecutive intermediates of the same process-loading of the substrate into the IS. In this scenario, the binding to the E site is likely the first step, as otherwise we have to assume that the base-and ribose-specific interactions established with the substrate in the PS would then be disrupted upon the substrate movement to the E site. The role of the initial substrate binding to the E site would be to shift equilibrium from the pre-to the posttranslocation state ( Figure 4D ). Although binding of any (cognate or noncognate) substrate to the E site may favor this shift, only cognate NTP would be able to stabilize the posttranslocated state through base pairing with the DNA template, consistent with the mechanism previously suggested for T7 RNAP (Huang and Sousa,  2000) . However, this base pair cannot be formed in the pretranslocated state and therefore cannot be the driving force for translocation.
In the pretranslocated complexes, the substrate has little chance to bind directly to the PS and subsequently to stimulate translocation, for this will require a disruption of the base pair formed by the acceptor DNA template base in the (n + 1) register with the nontemplate strand. In contrast, the triphosphate moiety of the substrate bound to the E site may efficiently compete with the monophosphate of 3# RNA nucleotide for the Mg 2+ -mediated binding to the active site in register n (overlapping with the E site), thereby stimulating translocation. In posttranslocated complexes, the substrate might be directly loaded into the PS, bypassing the E site. Structural superposition shows that the E site and the PS are overlapping and that the proposed pathway of the substrate loading from the E site to the IS by a single rotation (Westover et al., 2004) would first bring the NTP into the PS, where it would be likely fixed, given that the acceptor DNA base is in preinsertion orientation ( Figure 5C ). The proposed two-step substrate preinsertion mechanism ( Figure 5D ) resolves the principal discrepancy between the E site and the PS and harmonizes these originally mutually exclusive models. Altogether, the RNAP-Stl complex structure, biochemical data, and structural considerations suggest that in the presence of Stl, the incoming substrate may first bind to the RNAP E site that likely stimulates DNA translocation from the pre-to the posttranslocated state, after which NTP would be loaded into the inactive PS, where it forms a base pair with the DNA template that is crucial for both substrate selection and stability of the posttranslocated conformation. We suggest that Stl binding freezes this nonproductive intermediate presumably through restraining the mobility of the BH, TL, and STL2 motifs, which might assist the substrate delivery to the IS and/or RNAP isomerization to a more compact, active configuration ( Figure 5D ). This discussion has been limited so far to the effect of Stl on nucleotide addition, whereas Stl strongly inhibits all catalytic reactions of RNAP. Assuming that all these reactions are mediated by the same active site (Sosunov et al., 2005) and/or can only occur in the closed, active state of the enzyme, the mechanism in which Stl freezes several structural elements in a nonproductive state explains why all these reactions are inhibited by the antibiotic.
The Substrate Insertion Complex
Although the suggested mechanism of the Stl action is consistent with all available structural and biochemical data, the proposed conformational transition remains hypothetical. In this respect, the only decisive experimental data validating the Stl mechanism would be the crystal structures of the substrate bound ECs determined with and without Stl. We now have the crystals of the bacterial EC diffracting at the atomic resolution (D.G.V. and D.T., unpublished data) and consider the aforementioned complexes as our next target.
Concluding Remarks
Our results suggest several modifications leading to the design of new, not yet tested more efficient Stl derivatives. First, truncation of the sugar moiety might increase the affinity, avoiding competition with the trigger loop. Second, removal of the tetramic acid moiety may also increase affinity, as most of the RNAP contacts are located in the streptolol moiety. Third, tetramic acid might be substituted for a chemical group that would not likely affect drug binding but might improve its cel-lular permeability, for example for a rifamycin-like tail (correlations between the tail structure and drug permeability have been previously reported for rifamycins) (Brufani et al., 1982) .
Another important issue raised by this work is that the substrate PS rather than the catalytic center is likely modulated by the inhibitor, and thus, the PS emerges as an attractive target for the design of novel antibiotics. Interestingly, α-amanitin, a highly specific eukaryotic toxin, occupies the binding site that is proximal to that of Stl and the observed PS (Bushnell et al., 2002) . Consequently, the mechanism of α-amanitin may also affect an active site isomerization analogous to that of Stl, in addition to its proposed effect on translocation (Bushnell et al., 2002) . Notably, a large portion of the α-amanitin binding site is structurally divergent between bacterial and eukaryotic RNAPs-this may allow for the design of a bacterial-specific antibiotic with an α-amanitin-like mechanism.
Experimental Procedures
Structure Determination and Refinement The T. thermophilus RNAP holoenzyme was purified and crystallized as described previously (Vassylyeva et al., 2002) . To obtain the complex crystals, the crystals of the apo-holoenzyme were transferred for 8 hr into the drops containing harvest buffer and 2 mM of Stl. The data were collected at beam line BL5 at Photon Factory (Tsukuba, Japan) by using an ADSC Quantum-315 CCD detector. Surprisingly, all the crystals, though belonging to the same space group, . The data were processed by using the HKL2000 data-processing package (Table 1) (Otwinowski and Minor, 1997) . Refinement was carried out by using the CNS program (Table 1) (Brunger et al., 1998) . To achieve adequate comparison of the RNAP-Stl complex with the apo-holoenzyme and the high quality of the initial "experimental" omit difference electron density (ED) map for Stl in the complexes, we collected diffraction data and refined the structure of the native, apo-holoenzyme in this crystal form at a 2.8 Å resolution (R factor = 23.1%, R free = 26.8%) in addition to the RNAP-Stl structure refined at 2.4 Å resolution. The Stl model was built into the initial experimental difference ED map ( Figure 1B) . The rigid body refinement (R factor/R free = 31.0%/31.8%) followed by several rounds of the B factor, positional, simulated annealing refinements, and water "pick" and water "delete" procedures, alternating by manual model building using the program O (Jones et al., 1991) yielded a final R factor of 23.0% and R free of 26.8% for the RNAP-Stl complex (Table 1 ). The final model was of high quality as revealed by the simulated annealing omit ED map calculated for Stl ( Figure S1 ). Structural figures were prepared by using the programs Molscript (Kraulis, 1991), Bobscript (Esnouf, 1999) , and Raster3D (Merrit and Bacon, 1997).
Wt and Mutant RNAPs
Wt T. thermophilus core RNAP, His-6 wt E. coli core, and holo RNAPs and wt T. aquaticus core RNAPs were purified as described previously ( 
